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ABTRACT
In n*(p*)— p(n) [X(x)= GaSb,_,Te,]-alloy junction solar cells at T=300

K, 0=x<=1, by basing on the same physical model and the same
*Corresponding Author
Prof. Dr. Huynh Van

Cong
Université de Perpignan Via circuit voltage V,.(=V,qean). according to highest hot reservoir

treatment method, as those used in our recent WOI’kS[l’Z], we will also

investigate the maximal efficiencies, Nimax mmax:, Obtained at the open

Domitia, Laboratoire de temperatures, T;(K), obtained from the Carnot efficiency theorem,

Mathématiques et Physique which was demonstrated by the use of the entropy law. In the present
(LAMPS), EA 4217,
Département de Physique,
52, Avenue Paul Alduy, F-
66 860 Perpignan, France. electrons (holes), N, given in parabolic conduction (valence) bands,

work, some concluding remarks are given in the following.

(1) In the heavily doped emitter region, the effective density of

expressed as functions of the total dense impurity density, N, donor

(acceptor)-radius, rgn , and x-concentration, is defined in Eqg. (9d), as:
N*(N,rg.2,%) = N — Nepyonpp) (Tagey ), Where Nepyauppy i the Mott critical density in the metal-
insulator transition, determined in Eq. (9a). Then, we have showed that (i) the origin of such
the Mott’s criterium, Eq. (9a), is exactly obtained from the reduced effective Wigner-Seitz
radius ry, sy, Characteristic of interactions, as given in Equations (9b, 9c), and further (ii)
Nepneenpy IS just the density of electrons (holes) localized in the exponential conduction

(valence)-band tail (EBT), as that demonstrated in.™

www.wjert.orq 1SO 9001: 2015 Certified Journal 55




Cong. World Journal of Engineering Research and Technology

(2) In Table 3n, for the n* —p X(x) —alloy junction solar cell and for rs,c4-radius, one obtains
with increasing x=(0, 0.5, 1): M. (7) = 23.24%, 29.49%, 32.70%, according to
Tu(7) = 390.8K,425.5 K, 445.8 K, at V,, = 1.29 V, 1.08 V, 1.06 V, respectively.

(3) In Table 5p, for the p* —n X(x) —alloy junction solar cell and for r¢4sy-radius, one obtains
with increasing x=(0, 0.5, 1): nyma<(y) = 36.14%, 33.97%, 32.32%, according to
Tu(N) = 469.8K,455.3K,443.3K, at V,;(V)[>V,,(V)]=1.44K,1.25V,1.17V , respectively,
suggesting that such Mmax(imaxy ~ -and- Ty variations depend on

Vot (V) [= Vo (V)] — ones, respectively.

KEYWORS: single Gasb,_,Te,-alloy junction solar cell; photovoltaic conversion factor;

photovoltaic conversion efficiency.

INTRODUCTION

In single n* (p*) — p(n) X(x) = GaSb,_,Te -alloy junction solar cells at 300 K,0 < x < 1, by
basing on the same physical model and treatment method, as used in our two recent
workst*?, and also on other ones”™, we will investigate the highest (or maximal)

efficiencies, Nimax.qimax)> according to highest hot reservoir temperatures Ty (K), obtained

from the Carnot- efficiency theorem, being proved by the entropy law.

In the following, we will show that the energy-band-structure parameters, due to the effects
of x-concentration, size impurity, temperature T and heavy doping, affect strongly the dark
(or total) minority-carrier saturation current density and the photovoltaic conversion effect.

ENERGY BAND STUCTURE PARAMETERS

A. Effect of x- concentration

In the n*(p*) — p(n) single n*(p*) —p(n) X(x)-alloy junction at T=0 K, the energy-band-
structure parameterst’], are expressed as functions of x, are given in the following.

(1)-The unperturbed relative effective electron (hole) mass in conduction (valence) bands are
given by:

m,(x)/m, = 0.209 x x + 0.047 x (1 —x), and

m,(x)/m,=04xx+03x(1—x). 1)

(i1)-The unperturbed relative static dielectric constant of the intrinsic of the single crystalline
X- alloy is found to be defined by:
E,(x) = 123 xx +15.69 X (1 —x). 2
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(iii)-Finally, the unperturbed band gap at 0 K is found to be given by:
E,,(x)ineV=1796 xx +0.81x (1—x). 3)

Therefore, we can define the effective donor (acceptor)-ionization energy, at

Tda(a) = Tdo(ao) = Tsb(Ga) = 0- 136 nm (0.126 nm), in absolute values as:

12600 % [me(y(x)/mg]
[20(x)]*

and then, the isothermal bulk modulus, by:

meV, (4)

Eao {ao) (X) =

— _ Faoa®™ _
Bdo(ao] (X) - (%[)X{rdo(ao])a ' (5)

B. Effects of Impurity-size, with a given x

Here, the effects of ry., and x- concentration affect the changes in all the energy-band-
structure parameters, expressed in terms of the effective relative dielectric constant £(r .y, x),
in the following.

Al Tgay = Taoa0), the nNeeded boundary conditions are found to be, for the impurity-atom
volume V= (41/3) x (rd(aj}a, Vio(ao) = (41/3) X (rdo(ao])g, for the pressure p, p, = 0, and
for the deformation potential energy (or the strain energy) o, a, = 0. Further, the two

important equations™, used to determine the o-variation, Ac= -0, = o, are defined by:

%:_g and p=—22 . giving: (=7 Z Then, by an integration, one gets:
[&G [I‘d(a:,, X)] _Edcl[am(X)X(V Vdu(au |)x In (Vd (Em‘) EdU(aU,[X) X [(r;::o}f - 1] % 1n (r::,i:}o})a = 0. (6)

Furthermore, we also shown that, as ryp.) > Tagae) (Taga) < Taoae)) » the compression
(dilatation) gives rise to the increase (the decrease) in the energy gap Egn(gp](rd(aj,x}, and the
effective donor (acceptor)-ionization energy Eq ., [rd(a],x) in absolute values, obtained in the

effective Bohr model, which is represented respectively by: + [ao(rd(a],x)]n(p],

2
so(wu
gn(gpu(rd(au X} EgU(X) Ed(_an(rd(_an X) Edu(acru(x) Edo(_aou(X) [ ) - 1] =+ ['ﬂ"‘j(rd(ajJ X}] ﬂ(p|’

Scrdcaw 1

for raeay = Tao(aoy, AN FOF 14y = Tag a0y,
2(Tagg)

2
Egnigp) (Taa):X) — Ego(%) = Ea(a) (Ta(a):X) — Edoac) (¥) = Edo(ao) (%) X [ SO(‘“) _1]:_[&c[rdcatux}]ncp:,- (7

Therefore, from Equations (6) and (7), one obtains the expressions for relative dielectric

constant £(rg(.y, x) and energy band gap E, .y (racs).x), as:
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(1)-fOr T4ray = Taoaoy SINCE £(rg(a), X)= (%) <&,(x), being a New g(ry,), X)-
Tdara 2 Tdra -3
-\jl 1+ [("dgnzafan N 1]X1n("d:.2 ai}]
law,
Tdra) 2 e 3
EEI'LCED:I (rd(_afux) - Egu [X) = Ed(_a) (rd(a‘px) - Edu(acﬁl [X) = Edu(acﬁl [X) x [(%((;o}) - 1] % In (%) =0, (8a)

according to the increase in both E (raeayx) @Nd Ega (racs)x), With increasing ry ., and for a

gn{gp)

given x, and

£, (X)

(i1)-fOr raa) < Tao(aoys SINCE £(rg(a) ¥)= faa) ra)
qll_[(rdo-iaojj _I]XIn(Tdo-:ao)J

given by: [( ) )3 - 1] X ln( ace) )3 < 1, being a new £(ry ), x)-law,

Tdo(ao) dofeo)

= > £,(x), with a condition,

r, g} 3 r, a) 3
Egn(_gp} (rd(a:,,x) — Ego (X) = Edl:ajl (rd(_a]l X) — EdU‘(aU‘j [X) = _EdU(’_anl[X) X [( d(s] ) — 1] % In (rd‘ii;’}) = 0, (8b)

Tdo(ac)

corresponding to the decrease in both E, ., (racs,x) and Egez (rgeay.x), with decreasing r,., and

for a given x; therefore, the effective Bohr radius ag, gy (raa). %) is defined by:

. 2 .
2a@ PP _ 53 x 1078 cm x — 4@ (8c)

aBn(Bp] (rd(a:]r X) = M (y) ()% q2 me v (x)/mg '

Furthermore, it is interesting to remark that the critical total donor (acceptor)-density in the
metal-insulator transition (MIT) at T=0 K, Ngpnmpp)(Taca)X), Was given by the Mott’s

criterium, with an empirical parameter, M, ,,), as:

1
Nepnceop) (Tay ¥) /2 x agnBp)(Tacay X) = Mu(pyy Mppy = 0.25, (99)

depending thus on our New &(rq,), x)-law.

This excellent one can be explained from the definition of the reduced effective Wigner-Seitz

(WS) radius r characteristic of interactions, by:

sn(sp)’

12 1/3 o
ooy (NTaay®) = () X ——— = 11723 x 108 x (1) x e B (9b)

agnEp) (Tageyx) e(Tagpx)
being equal to, in particular, at N=Nepncpp) (Tacay X): rsm:spj(NCDH<CDp](rd<a],x),rd,:a],x):
2.4814, for any

(racay. X)-Values. So, from Eq. (9b), one also has:

3 )1"'3 1

1
Nepn(cpp) (Taga) X) /3 x gnep)(Tag)y X = (Z 24814

=0.25 = (WS)yq) = Mygy) (9¢c)

being identical to that given in above Eq. (9a).
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Thus, the above Equations (9a, 9b, 9c) confirm our new &(rq,y. x)-law, given in Equations

(8a, 8b).

Furthermore, by using M, = 0.25, according to the empirical Heisenberg parameter
Hy ) = 0.47137, as those given in Equations (8, 15) of the Ref.lY), we have also showed that
Ncoaccpp 1 just the density of electrons (holes) localized in the exponential conduction

(valence)-band tail, with a precision of the order of 2.87 x 1077 . Therefore, the density of
electrons (holes) given in parabolic conduction (valence) bands can be defined, as that given

in compensated materials, by:

N*(N,Tg(a),%) =N — Nepnownp) (Tagay X)- (9d)

C. Effect of temperature T, with given x and ry,,

Here, the intrinsic band gap Egy, gip) (Tacx),% T) at any T is given by:

3.065xx 5.405%(1—x)
T+94 T+204

Egin (zip) (Taga) X T) In €V = Egn gy (Fa(z),¥) =107 X T? X [ , (10)
suggesting that, for given X and r, ., Egin i) decreases with an increasing T, as observed in

next Table 1 in Appendix 1.

Furthermore, in the n(p)-type X(x)-alloy, one can define the intrinsic carrier concentration

Ny ip) DY

—Egi ol (1" i ,}(,T)
1 niip) (Taay % T) = Ne(T,%) X Ny (T.%) X exp( E’“‘E’ELTd‘a) ), (11)

where N, (T,x) is the conduction (valence)-band density of states, being defined as:

2

Newy(T,x) =2 % (M)z (cm-2).

2mh2

D. Heavy Doping Effect, with given T, x and r 4
Here, as given in our previous works™?, the Fermi energy Er.(—Eg,), band gap narrowing

(BGN), and apparent band gap narrowing (ABGN), are reported in the following.

First, the reduced Fermi energy ,,,,, or the Fermi energy Eg,(—Eg,), obtained for any T and
any effective d(a)-density, N*(N, 74, x) = N*, defined in Eq. (9d), for a simplicity of
presentation, being investigated in our previous paper™, with a precision of the order of

2.11 x 10~*, is found to be given by:

- B
N O G(“]:‘:‘ F(), 4 = 0.0005372 and B = 4.82842262, (12)
B R +A1
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N &
Ne(y) (T.x)

where u is the reduced electron density, u(N*,T,x) =

2
2

z 4 =1
F(w) = aus (1 +bu"=z+ cu“E) ,a=[(3Vr/4) x u]z'{a, b =%(§)2 , €= 62'?;1?55 (5)4 , and

2
Gw ~Ln(w) + 22 xux e ®; d =232 |1 - 2] >0,

V27T 18

Here, one notes that: (i) as u »> 1, according to the HD [d(a)- X(x)- alloy] ER-case, or to the

(

to the LD [a(d)- X(x)- alloy] BR-case, or to the non-degenerate case, Eq. (12) is reduced to
the function G(u), noting that the notations: HD(LD) and ER(BR) denote the heavily doped

(lightly doped)-cases and emitter (base)-regions, respectively.

Epn(u<<lj
kgrT

—Epp(u«1)
kg'r

degenerate case, Eq. (12) is reduced to the function F(u), and (ii) )« —1,

So, the numerical results of By (a0y: € Egnap)s Neon(cpp)s Eain @ip) (Tagz), % T) and nyg () are
calculated, using Equations (5), (8a, 8b), (9a), (10), and (12), respectively, and reported in
Table 1 in Appendix 1.

Now, if denoting the effective Wigner-Seitz radius, r. characteristic of the interactions,

snisp)’
by:
Fantems(N* Tacay, ¥) = 1.1723 X 108 X (i)m x Lem® 13
sn(sp)VT v Td(a)y ) N* (Td(ayx) ' (13a)
the correlation energy of an effective electron gas, E.,,y [N",rd(a], x), is given as:
0.27553 z2[1—In(z]]
E (N"‘ . I) _ —0.87553 " °'°9°9+’"sn(sp} { w2 )XIH(Tsn(sp)]—O-UQSZSS (13b)
en(ep) V" »7d@)r )T 5080841 (sp) 1+0.03847728xr55]372576

Then, taking into account various spin-polarized chemical potential-energy contributions
such as: exchange energy of an effective electron (hole) gas, majority-carrier correlation
energy of an effective electron (hole) gas, minority hole (electron) correlation energy,
majority electron (hole)-ionized d(a) interaction screened Coulomb potential energy, and
finally minority hole (electron)-ionized d(a) interaction screened Coulomb potential energy,

the band gap narrowing (BGN) are given in the following.

In the n-type HD X(x)- alloy, the BGN is found to be given by!?:

1
AE, (N*,1,%) 2 @y X =22 x N2 + @ x 220 N2 % (2.503 X [~Ep (1) X T ]) + @3 X

elrga) r e(rga)

5/4 E 1
() T 14 ST [ ey e
L(Td«xj B T N e R L(ra,xj] * N N, = ( - ) (14n)
y N = | — )
Nepn(rg.x)
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where  a, = 3.8 x 1073(eV) a, = 6.5 x 107*(eV) a; = 2.8 x 1073 (el)

a, = 5.597 x 1073(eV) and a; = 8.1 x 10~*(eV), and in the p-type HD X(x)- alloy, as:

1 5/4
® ~ £p (%) 1/3 £g () a _ &p (x) Me
AE gy (N*,75,%) = ay X 2B x NI 4y x 25 % N2 x (2,508 % [~Ep(15,) X 1)) + @5 x [222] 7 x

- - 1
N4 4 20, % J—;:@;. % NM? 4 a; x [—:(:@.{-I~.]2 X N2

M= (=), (14p)

;'\'erD n (‘rﬂ,}:j

My,

where a; =3.15x107%(eV) |, a,=541x10"*(eV) a; = 2.32 x 1073(eV)

a, = 4.195 x 1073(eV) and a5 = 9.80 x 1073 (eV).

Therefore, in the HD[d(a)- X(x)- alloy] ER, we can define the effective extrinsic carrier
concentration, ng,, .., by :

. . e R ]  [4Eggn(
N ep) (N2 Ta(a). X.T) = Y N™ X Do (M) = Nynip) (Taa). X, T) X €XP [725;3;”) ) (15)

where the apparent band gap narrowing, AE, g, g,y 1S found to be defined by:

* - J— * - Ns * -

AE g (N*, Ty, %, T) = AE, (N*,74,%) + k5T X In (Nc(m) — E;, (N*, T, %), (16n)
* - — * - N* * -

AE¢gy (N Ta(a) X, T) = AE,(N",1,,%) + ks T x In (- <m) + Egy (N*, T, %)]. (16p)

TOTAL MINORITY-CARRIER SATURATION CURRENT DENSITY
In the two n* (p*) —p(n) X(x)- alloy -junction solar cells, denoted respectively by I(1l), the

total carrier-minority saturation current density is defined by:

J"OT(G”] = J'EnG(Epo] + jB'po(Bnoj (17)

Where Jg,, 500y 1S the minority-electron (hole) saturation current density injected into the
LD[a(d)- X(x)- alloy] BR, and Jen.(zp0) IS the minority-hole (electron) saturation-current

density injected into the HD[d(a)- X(x)- alloy] ER.

J BpoBnoy IN the LD[a(d)- X (x)- alloy]BR

HEre, /5,0 znoy IS determined by!:

[D ey (N mp i g gy 6T
ayle Fard
an?p.‘jn) (Ta.'d;.,x,i’jx | (=8 ) ﬂl‘d:') ar, }'r

- b N Ter(he) Mard)y

I.E"po(ﬁ'no] (Na (d)’ Ta(d]’ x, T } = ) (18)

Nard)

where nZ, ., (Tagay, %, T) 1S determined EQ. (11), D¢y (Na(a), Taga). X, T) 1S the minority electron

(minority hole) diffusion coefficient:
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kgT 2300 s z —
Dy(Ny 7o, %, T) = “25x 200 + o 0,91] X ('ng]) (em?s™1), (19a)
l+(1.ax1017cm‘3:l ?
. _ kgT 270 £(rg.x)\° 2.-1
Dh[:Nd:Td: erj T e X 130 + { N )1.25] X( £ (%) ) (C?H ) )’ (lgb)
2x10l7 em—2

and 7,5 (ns) (N (ay) 1S the minority electron (minority hole) lifetime in the BR:

T5(N)™ = $+ 3% 10712 x N, + 1.83 x 1073 x N2, (20a)

1
10~7

Thg(Ng) P = ==+ 11.76 x 1073 x N; +2.78 x 10731 x N2, (20b)

JEno(Epe) IN the HD[d(a)- X (x)- alloy]ER

In the non-uniformly and heavily doped emitter region of d(a)- X(x) devices, the effective
Gaussian d(a)-density profile or the d(a) (majority-e(h)) density, is defined in such the
HD[d(a)- X(x) alloy] ER-width W, as?!:

L
* . ¥ 2 N* — Ay N* _{G)
Pd(a) [:J’, N7, W) = Nd(aj X exp {_ (;) x In [7-’\"@0.‘00)(“’)]} =N" X [73\"5{0.‘00)(}"’)] 0=y =W,
- ) W 1.066 (0.5) s
Ndo (ae) (W) =79x10 (2 X 103) X exp {— (m) } (C?H ), (21)

where p; (v =0) = N* is the surface d(a)-density, and at the emitter-base junction,
Paay(y = W) = Ngo(a0y (W), which decreases with increasing W. Further, the “effective

doping density” is defined by:

* i _ _ [4Eagn( (PdrayTd(a)xT)
N (VN T30, % T) =pd<a3(y)//€1p[ fan(egp) Cote) 28 ]

IE;:;T
£ _ = . — NE
Nd(a] [,V =0,N Td(ay X T) = AEagn.'agp)(N*ard.'a)JaT} , and
ﬁ'BT
3 _ . — Nda(aa}(“")
Na @) {«V =W, Ta@y X T) - AFag:rt.'agp)[‘“"da-‘aa)':“f)ardu’a}srar'}]’ )
BXP ﬁ'BT

where the apparent band gap narrowing AE

agn(agp) 1S determined in Equations (16n, 16p),

replacing N* by pg oy (v, N*, W ).

Now, we can define the minority hole (minority electron) transport parameter Fj, ;. as:

i\r&

Froy (. N",14(a), X.T) = ] (em™ x 5), (23)

IE agn(agp)
kgT

Dh(s3><ex'p
being related to the minority hole (electron) diffusion length, Ly (7. N*, 740y, x.T), as:

i 2 2
“&E.:a)) _ (C % nz'znljz'p)(rdlja)xJTj)

L2 (V. N* Taiay 5 T) = [Trecem X Dacey] = (€ X Foey ) = (c x
h(e) (@) (eE) (e) te) Dhig) Po(na)%Dpig)
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where the constant C was chosen to be equal to: 2.0893 x 1072° (em*/s), and finally the

minority hole (minority electron) lifetime 7,z .z, by:

1 1

ThE(eE) = = (24)

—_ - Z .
Dh(e)%Lnfsy  DhgeyX(€XFecny )

Then, under low-level injection, in the absence of external generation, and for the steady-state

case, we can define the minority-h(e) density by:

Dy (1) [, ()] = ————n (25)

N&!I:ﬂ] (uv=1ri",?’d,:a},x,j"]’
and a normalized excess minority-h(e) density u(x) or a relative deviation between p(y)[n(y)]

and p, () [n. ()]

_ 20 [N =Pe () e 3)])
ulLy) =
Y N (26)

which must verify the two following boundary conditions as:

u(y=0) = —Jn(y=0)[Je(y=0]]
) T eSxpg (¥=0)[ny (y=0)]’

u(ly =w) = exp (;) -1

nrn(VIxVr

Here, n, (V) is the photovoltaic conversion factor, being determined later, S(?’) is the

surface recombination velocity at the emitter contact, V is the applied voltage, Vy = (kzT/e)

is the thermal voltage, and the minority-hole (electron) current density Ji ey (. Tacay. x)-

Further, from the Fick’s law for minority hole (electron)-diffusion equations, one hast*?:

—9(+€]><ﬂz'2n.;a'p) x duly) —el+ eny tip)Priey (N .Td (a) %) % du(y) (27)
Fn(g)(¥) dy Niig 0nN*rgig).T) dy '

In(e) (v, N*.Tg(a) X, T) =

where Nj ) (v, N", 7o), x, T) is given in Eq. (22), Dy, and Fy,, are determined respectively

in Equations (19) and (23), and from the minority-hole (electron) continuity equation as:

df;!.:e) ()-‘,N*,rd,:a),x,l') _ 2 uly) _ 2 uly)
dy = —e(+e) x Ming) X Fh,:e)ggngie)().-] = —e(+e) x i n(py % N3 (o N (a2 T)X Thiger) (28)
Therefore, the following second-order differential equation is obtained:

d2uly) _ dFpie) () duly) _ uly)
dy® dy % dy L@ 0, (29)

Then, taking into account the two above boundary conditions given in Eq. (26), one thus gets

the general solution of this Eq. (29), as:
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_ sinh (P())+1(W.5) xcosh(P () ( ) ( v )_ )
u(y) X | exp p——— 1], (30)

sinh (P(W])+I(W,5j Xcosh{P(W]}

where the factor 7(W, 5) is determined by:

) Dh,'g)(y='lri",ng.:aa)(‘Iri"l'rd,:a),x,i'j
(rye.x, T,W,8) =— . 31
(Tata ) SxLpg)(V=W.Ndo(ao)(W)Td(a)xT) (31)
dp(y) 1

Further, since = C X Fpey ()= , € =12.0893 x 107%% (em*/s), for the X(x)-alloy,

dy Lpg)(x)

being an empirical parameter, chosen for each crystalline semiconductor, P(y) is thus found
to be defined by:
) % W W _ Lh(s3(_vj x W (32)

_ [Yy_dy — _ ,
PO = T L0 h0) " In®)

0 Ly ()

1 W dy
< = — == i
» 0=y =W, P(y=w) = (x|, w0

where L., () is the effective minority hole (minority electron) diffusion length. Further, the
minority-hole (electron) current density injected into the HD[d(a)- X(x) alloy] ER is found to
be given by:

o) (W N T3, 6 TS,V ) = —Jeno 00 W, N*, 78, %,T,5) Ugpo 0, W, N* 70, %, T, )] x (exp (——) —1), (33
(81 (a) P npgr (V) =V

WhEre Je,, cep0y 1S the saturation minority hole (minority electron) current density,

Qﬂ?n(ip]xnh (&) cosh(P{x))+I(W.5)xsinh (P(x)) (34)
NEiq WV Era(a)xT)XLpggy  Sinh (P(W))+I(W.S)xcosh(P(W))

;rEno(E‘po] &‘j! W, N, Td(ay X T, 5) =

In the following, we will denote P(W) and 1(W,S) by P and I, for a simplicity. So, Eq. (30)

gives:

enZ, XDh,'g) 1
=0,W, N Ty, X, T,5) = mfip) 2t X 35
Jeno {(Epo) [}’ N ld(a) ) N N raqy %)% Lpgy  sinh(P)+Ixcosh(F) ' ( )

en’y n(ip)*Chie) cosh(P)+Ixsinh (P) (36)

=W, W, N, g X T,5) =
'IEHG (Epo) (’V : d(a) } N§-:a} (Y=W.N*rq(q)xT)XLpg sinh (P} +Ixcosh(P)’

and then,

Jnie) y=0wN ra(@) 2 T.SV) _ Jenotepe) y=0wN ra@ 2 T.S) 1 37)
Inie)y=Wwi rga 2 TSV)  Jeno(epo) y=W. W rgqxT.S)  cosh(P)+Ixsinh(P)’

Now, if defining the effective excess minority-hole (electron) charge storage in the emitter
region by:

The(er) (V. Td(ay*T)
Therer)Pd(ay O rdray..T)

dy, and

Qo (V = W,V T, X, T) = [ +e(—e) x u(y) X po () [, ()] X

the effective minority hole (minority electron) transit time [ htt(ett) ] by:
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T:rrn:gr:}(}, = I'VJ n'l; N%‘er (e X, TJ S} = Q:(s](}" = n'l; NaJTd(G]: x: T)I’UTE?’!DI:E,!JD)(}: = I'VJ I’VJ Na: le:ﬂ.:]rxp TJ S) l and

from Equations (24, 31), one obtains:

1';_r,_.:g"J[}'=W,W_.,'v",7"dl:u},x,T,B‘:} =q1_ fzr::;Ep:}[}'zﬁa'ri"»'\'";‘?‘d,:u);x;rﬁ:} 4 1 (38)
ThefeE) - .-rzm-:zan[)'zWJ'*'-’»*""'*""diu}"r’T’g} Bl cash(P)+Ixsinh(F)’

Now, some important results can be obtained and discussed below.

DyreviNdar WLrdgy X,
As P« 1(0F W « Lyg,) and § = oo, I = I(W,5) = SX’;:};g;:‘;ﬁfgﬁdzxjn - 0, from Eq. (38),

r;.rr;err) [)'ZEV,E-VJ\'",?’H,:“},L Tﬁ} N

one has: 0, suggesting a completely transparent emitter region

(CTER)-case, where, from Eqg. (36), one obtains:

en?n(fp]xnh(e?) v 1 (39)
NG (=W ra(ay % T)%Lpg)  P(W)

!rEno(Epo] [,V = W,N", Td(ay X T,5—> OO) —

Further, as P>»1 (or W > Ly ) and 50 ,

Dp 1) (Ndo(as) (W)rd (a)x.T)
5% Lpigy (Ndo(ao)(W).rd(ay-5T)

I=1(y=W.r0,x5) = —o . and from Eg. (38) one has:

r;.rr;err) [)'ZEV,E-VJ\'",?’H,:“},L Tﬁ} 5

1, suggesting a completely opaque emitter region (COER)-case,

ThE(E)

where, from Eq. (36), one gets:

Eniﬂ:ipjx‘o-ﬂ:f}

4'\':;;23 (w=W.N"rgig 2T ) M Ly

IE?!DI:E?JD)(}: =W,N¥, Td(g_:],x, TJS -2 0) -+ X tﬂﬂh(P}. (40)

In summary, in the two n*(p*™) —p(n) X(x)-alloy junction solar cells, the dark carrier-
minority saturation current density J,,.y, defined in Eq. (17), is now rewritten as:
;a!(a!!j (W’ NHer(a]J X, T! 55 Na(djira(djrxi T) = IE'na(_Epafl [W! NHer(_a]r X, T,S) +J’Bpa(5’na] [Na(_d",l!ra(d]rxi T), (41)

WHEre Jeno(spe) AN J5p0(5m0y are determined respectively in Equations (36, 18).

PHOTOVOLTAIC CONVERSION EFFECT AT 300K
Here, in the n*(p*)— p(n) X(X) -alloy junction solar cells at T=300 K, denoted respectively by
I(11), and for physical conditions, respectively, as:

W =15 um,N = 102%cm=3(102%em ™) ,145),%, § = 100 (5); Nyy = 107 em™3, 1, X, (42)

we propose, at given open circuit voltages: Vo ocrzy aNd Vo ocnzy- the corresponding data of
the short circuit current density ., in order to formulate our following treatment method of
two fix points, as:

at Ve octzy (V) = 0.980 (1.1272), Jyery sy (MA/cm?®) = 27.06 (29.76),

at Vot jocnz) (V) = 0.980 (1.03) , Jsemi(senz) (mA/cm?®) = 24.2 (29.84).  (43)

www.wjert.orq 1SO 9001: 2015 Certified Journal 65




Cong. World Journal of Engineering Research and Technology

Now, we define the net current density j at T=300 K, obtained for the infinite shunt
resistance, and expressed as a function of the applied voltage V, flowing through the
n*(p*) — p(n) X(x)-alloy junction of solar cells, as:

v kgT

JOV) = Jon (V) = Joggom % (X100 — 1), Xy, (V) = Pa— Vp=-2-=002585V, (44)

where the function n;y;, (V) is the photovoltaic conversion factor (PVCF), noting that as
V = V,., being the open circuit voltage, J(V =V,.) = 0, the photocurrent density is defined by:

]ph. (V = Voc) = ]scI(scII] (W’ N T, rd(ajr X5; Na(d]’ T, ra(d]! % Voc)a for Voo 2 VUCIl(_UCIIlj-

Therefore, the photovoltaic conversion effect occurs, according to:
Isc](sc]]](WJ N T, Fa(a)X 5; Na':d:u rd(a],X, TFVoc) = JD],:D]])(W,N*, T, TFa(a) % 5; Na':d}er(a:]:Xp T) x {EXI:“’.'I:‘;DJ - 1}’ (45)

VDC

where nyp (Voo) = Ny (W N Ta ), X, T8 Noay Tagay % Ts Voo ), @nd- Xy (Vo) = B

Here, one remarks that (i) for a given v,., both nyy, and Jyqr, have the same variations,
obtained in the same physical conditions, as observed in the following calculation, (ii) the
function (e¥en®™ee) — 1) or the PVCF, nyy;,, representing the photovoltaic conversion effect,
converts the light, represented DY Jsyscm, into the electricity, by Joyom, and finally, for given

(W,N*, rd(a],x, T, S Na,:d:,,ra,:d:,, % T; VUC)-Va|UES, nlcm (VUC) |S detel’mmEd

Now, for V,. = Vo1 0cnry, ONE Can propose the general expressions for the PVCF, in order to

get exactly the values of ny; 11y (Voer roenty) and npa gy (Voeraoenzy )+ @S functions of v, by:

a(B)
Ny (WJ N, rd(aj,x, TJ S Nal:d} Tard) % T;Voc) = Op1¢m1) {Voclll:oclll:):} + Naiz) (VOEH(OCJJE:)} x ( - 1) ’ (46)

¥ ocis focire )

where, for example, the values of «(f), obtained for x = (0,0.5 and 1),will be reported in next

Tables 3n and 5p in Appendix 1, for these x(x) —alloy junctions.

So, one can determine the general expressions for the fill factors, as:

Ky (Voo) —In[Ryp (Vo) +072] (47)

P]':]]] (WJ N, Tdia) X T, 5; Na(d)Jra(d]JXJ T; VDE} = Ky (Vo) #1

Finally, the efficiency nyq, can be defined in the n*(p*)— p(n) X(x) alloy-junction solar cells,

by:
_ Jsergseny X Vo Frny

Nm (WJ N*, Tdia) X T,5; Na':d]; Ta(d) X TI.'VDE} = Ta (48)

being assumed to be obtained at 1 sun illumination or at AM1.5G spectrum (B, = 0.100 % :
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It should be noted that the maximal values of nyyy, Nimaxmmax), are obtained at the

corresponding ones of Voc = Vocrgoem : at which

=0, as those given in next Tables 3n and 5p

(anI(ID(WJNngd(a]%T;S: Na.:d;.,ra.;dg;mT:VOC))
Voczvocl(oclrj

Ve

in Appendix 1, being marked in bold. Further, from the well-known Carnot’s theorem, being
obtained by the second principle in thermodynamics, or by the entropy law, the maximum
efficiency of a heat engine operating between hot (H) and cold (C) reservoirs is the ratio of
the temperature difference between the reservoirs, T, — T, T. = T = 300 K, to the H-reservoir

temperature, T, expressed as:

Ty-T
T]I(\'II] [:T!Voc) = T]Imax.(llmax.] (T’ Voc = Vocl(ocll]) = Ncarnot = HTH C’ (49)

for ~a simplicity, noting that both  faumexy and Ty depend  on

(W, N7, rd(a],x, T,S; Natd:,,ra,:d:,,x, T; VUCI(UCInI)'parameters.

NUMERICAL RESULTS AND CONCLUDING REMARKS

We will respectively consider the two following cases of n*(»*) — p(n) -junctions such as:

HD (Sb; Sn) X(x) alloy ER—LD (Mg ;Cd) X(x)—alloy BR— case, according to: 2 (n*p)—
junctions denoted by: (Sb*Mg,Sn*cd), and

HD (Mg ;Cd) X(x) alloy ER — LD (Sb; Sn) X(x) —alloy BR— case, according to: 2 (p™m)—

junctions denoted by: (Mg*Sb,Cd*Sn).

Now, by using the physical conditions, given in Eqg. (42), we can determine various
photovoltaic conversion coefficients as follows.

Firs case: HD [ §b; $n] X(x)— Alloy ER—LD[Mg; Cd | X(x)— Alloy BR
Here, there are the 2 (n*p) — X(x) junctions, being denoted by: (Sb*Mg,Sn*Cd).

Then, the numerical results of T, Jspe JEno @Nd oy, are calculated using Equations (38), (18),
ThE

(36) and (41), respectively, and obtained, as those given in Table 2n in Appendix 1. Further,
those of ny, /.., Fr, 11, and Ty, are computed, using Equations (46, 45, 47, 48, 49), respectively,
and reported in Table 3n in Appendix 1.

Second case: HD [ Mg; Cd] X(x)— Alloy ER— LD [Sh,5n] X(x)— Alloy BR

Here, there are 2 (p *n) — X(x)-junctions, being denoted by: (Mg*Sb,Cd*Sn).
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Then, the numerical results of % Jsnor Jepe @Nd Jop, are calculated using Equations (38), (18),

(36) and (41), respectively, and obtained, as those given in Table 4p in Appendix 1. Further,
those of ny;, Jeer, Fy, i, and Ty, are computed, using Equations (46, 45, 47, 48, 49),
respectively, and reported in Table 5p in Appendix 1.

Finally, some concluding remarks are obtained and discussed as follows.
(1) In Table 3n, for the n* — p X(x) —alloy junction solar cell and for rs,c4-radius, one obtains
with increasing x=(0, 0.5, 1): nm.(7) = 23.24%, 29.49%, 32.70%, according to

Tu(7) = 390.8 K,425.5 K, 445.8 K, at V,; = 1.29 V, 1.08 V, 1.06 V, respectively.

(2) In Table 5p, for the p* —n X(x) —alloy junction solar cell and for r¢4sy,-radius, one obtains
with increasing x=(0, 0.5, 1): nym< (™) = 36.14 %, 33.97 %, 32.32 %, according to
Tu(Y) = 469.8K,455.3K,443.3K, at V,;(V)[>V,,(V)]=1.44K,1.25V,1.17V , respectively,
suggesting that such Mmax(imaxy ~ -and- Ty variations depend on

Vot (V) [ Vo (V)] — ones, respectively.
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APPENDIX 1

Table 1: In the [X(x) = GaSb,_,Te,]-alloy, in which ¥ = 102em—3(10%cm~3) and T=300 K, the

numerical results of Buo(zo), £ Egntap)s Neomicos) Egimtai (Tatayx T) @Nd 1,y @are computed, using

Equations (5), (8a, 8b), (9a), (10) and (12), respectively. Here, on notes that, in the limiting

conditions: x=(0, 1), these results are reduced to those given in the GaSb- crystal and the

GaTe -alloy, respectively.

Donor P Asg

Ty (nm) re 0.110 0.118

X A 0, 05,1 0, 05,1

i':rﬂJxJ § 18,7404, 16.72389, 14698379 16995383, 15.15936, 133233401

Eppolrg.x) eV 7
Nepp(tq.%) m10% cm™2 7

Egn(rgx T)ineV 7~

Mn > 1{degenerate case)

(0.80022, 1.300336, 1.7903689
0.16532064, 47053841, 0.30173512
07127, 121707, 1.72036

6463, 23.77, 14392

0.809616, 1.3016871,1.7932247
022197093, 63180428, 40.513045
0.7131, 1.21842,1.72321

64.654, 23.776, 14.58

Donor Sh Sn

Ty (nm) 2 rgo=0.136 0.140

x A 0, 03,1 0, 05,1

Bgo(x)in 107 (N/m%) 3.0477356, 13.51326, 28.564363

E(rﬂ,xJ Ny 15.69, 13995, 123 15628381, 13 940038, 12 251694

Egolrg.x) eV 7~
Nepa(rax) in10M cm=2 7
Ein(tax T)ineV 7

Mn 1 (degenerate case)

0.81,  1.303, 1.796
028211106, 8.0298341, 51489527
0.71348. 121973, 1.72399

64.654, 23.773, 1457

0.8100203, 1.303070, 1.7961484
028546113, 8.1251882, 0.52100964
07135, 12198 172614

64.654, 23773, 1457

Acceptor Ga Mg
rg (nm)y A7 Fan=0.126 0.140
-4 A 0, 05,1 0 03,1

B, (x)in10f (N/m%)

20, x) N

Egalra.x)eV 2
Nepp(re®) in10' em ™2 7
Egp(tas TineV 2

TMp * 1 (degenerate case)

3.1686666, 4 646473, 6.8746356

15.69, 13995 113
0.81, 1303, 1.796
0.73363234, 1.6416509, 3. 6096078
0.7135,  1.2197,1.726

102306, 8.821,7.7354

14.84222, 13.23881, 11.63339
0811947, 1.305855, 1.800225
0.86668661, 1.0393338, 42641433

07134, 1.2226,1.7302

102507,  8.8213,7.737

Acceptor In Cd

Iy (nom) 7 0.144 0.148

X s 0, 03,1 0, 0.5,1
2y, N 14338622, 12.78961, 11.240603 13.76307, 12.27614, 10.73941

Egpalra.x)eV 2
Nepp (ra-%) in 10 cm™ 2

Egip(ra,x T)ineV 7~

TMp # 1 (degenerate case)

0.8132712,1.307797, 1.8030972
096123108, 2.1309352, 47294055
07168,  1.2245 17331

102506, 88211, 7.736

0.8149637, 1.31028, 1.8067734
1.0869383, 2.4322228, 5.3478913
1.7184, 12270, 1.7368

102506,  8.8208,7.7344
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Table 2n: In the HD [(Sb; Sn)- X(x)-alloy] ER-LD[(Mg; Cd)-X(x)-alloy] BR, for physical

conditions given in Eq. (42) and for a given X, our numerical results of 2=, Jg . Jg,, and
ThE

Jor » @are computed, using Equations (38), (18), (36) and (41), respectively, noting that ],

decreases with increasing ry.,-radius for given x, and it also decreases with increasing x

for given ry,,-radius, being new results.

ntp Sk Mg S Cd

Here, x=0 for the (5b™Mg,5n™ (d)-junctions, and from Eq. (38). one obtains: % = {0, 0) suggesting a completely transparent

condition.

IBoo inl07% (4/em*) 58648 54383
Tene in 1078 (4/cm®) 54342 5.3524
Jor in107% (A/em*) 549028 5.4067

Here, x=0.5 for the (5" Mg, SntCd Hunctions, and from Eq. (38), one obtains:

L_r = (0, 0) suggesting a completely transparent condition.

The

J8oo in 10725 (4/cm?) 1.0390 0.9634
Jene in 10712 (4/em?) 6.1249 5.7362
Jor n10715 (4/cm?) 1.0396 0.9640

Here, x=1 for the (55" Mg,5n" (d}-junctions, and from Eq. (38). one obtains: F = (0, 0) suggesting a completely transparent

condition.

Jono 107 (4/em®) 8.2752 7.6735
Jeno in 10728 (4/em?) 5.7156 5.5223
Jor inl072% (A/em?) 82757 7.6741

Table 3n: In the HD [(Sb; Sn)- X(x)-alloy] ER-LD[(Mg; cd)-X(x)-alloy] BR, for physical
conditions given in EqQ. (42) and for a given x, our numerical results of n;, J..;, F;, n;, and
T,, are computed, using Equations (46, 45, 47, 48, 49), respectively, noting that both
Nmax. @Nd Ty, marked in bold, decrease with increasing x for given =, being new
results.

Voe (V) n; Jear (5 F(%) (%)

cm?

Here, x=0. For the ( 55" Mg, Sn™ (d) junctions, the value of & given in Eq. (46) is 1. 11463

n'p  5h Mg Sn™Cd Sh™Mg: Sn~Cd Sh™Mg: Sn™Cd Sh™Mg: Sn~Cd
0.980 44584450 27.06; 27.06 66.10; 66.13 17.53;17.54
11272 5.071:5.061 20.76; 20.76 66.33; 66.36 22.25;22.26
128 5.813; 5.803 27.43; 2743 66.13; 66.17 2322;2323
1.20 5.864; 5.853 27.23;2723 66.11; 66.15 23.23;23.24
Voer=1.29V 390.8; 390.8=Ty (K)
130 5.014; 5903 27.03; 27.03 66.00; 66.13 2322;2323
2 9.760: 0.742 15.20;15.18 64.63: 64.67 19.64: 19.63

Here, x=0.5. For the { 55" Mg, Sn* (d) junctions, the value of & given in Eq. (46) is 1. 08475
n*p  S5h Mg SnCd Sb"Mg:SnCd  Sb Mg Sn™Cd  Sb Mg Sn™Cd
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0.980
1.07
1.08

1.00
11272

1.227;1.224
1.333;1.320
1.345;1.342

1.358;1.355
1.407; 1.404
2.696; 2.690

27.06; 27.06
31.03;31.95
31.69;31.71

31.38;31.39
20.76;29.77
2000;2.973

86.03; 86.06 2281;22.82
86.00: 86.12 20.42:20.44
86.09; 86.11 20.47;20.49
Voer =108V 425.3; 425.5-Ty (K}

86.08; 86.11 20452047
86.07; 86.09 28.87;28.80
85.24;85.27 5.097.5.070

Here, x=1. For the ( 5b™ Mg, Sn* Cd) junctions, the value of & given in Eq. (46) is 1. 08058

ntp S5b"Mg: Sn™Cd Sb™Mg: Sn~Cd Sb™Mg: Sn™Cd Sb™Mg: Sn~Cd
0.980  0.765:0.764 27.06; 27.06 90.27;90.28 2394;23.94
1.05 0.816; 0.815 34353437 90.30; 90.32 32.57,32.59
1.06 0.824; 0.822 34143415 90.30; 90.32 32.68; 32.70
Veer=1.06V 445.6; 445.8=Ty (KD
1.07 0.832; 0.830 3377.3378 90.30; 90.31 32.63;32.65
11272 0.878;0.877 20.75;29.75 90.28; 90.30 30.28;30.28
2 1.682; 1.680 0.771; 0.767 89.69: 89.70 1384; 1.376

Table 4p: In the HD [(Mg cd)-X(x)-alloy] ER-LD[(Sb; Sn)-X(x)-alloy] BR, for physical

conditions given in Eq. (42) and for a given x, our numerical results of ?T*-'Et J8no’ JEpo and

] » @re computed, using Equations (38), (18), (36) and (41), respectively, noting that ] ,

decreases with increasing r,g)-radius for given x, and it also decreases with increasing x

for given r,4-radius, being new results.

p'n Mz~Sh Cd Sn
Here, x=0, for the (Mg 5h,Cd"S5n  )-junctions and from Eg. (34). one obtains:
T:.'r

Tez

= (0,0) suggesting a complstely transparent condition.

Tono in1078 (4/cm?)
Jeoo 01075 (A/em®)

Jor 1075 (4/em?)

1.7487
25253

25271

1.7404
1.9517

19534

Here,

Tare

Tez

3=0.5,

for

the (Mg Sb,Cd™Sn  )-junctions and from  Eg. (34), one obtains:

=(0,0) suggesting a completely transparent condition.

Jone in 10728 {4/ cm®) 3.1038 3.0833
Tpe in 10718 (A/em*) 6.0057 44416
Jor inl071® (4/cm?) 91995 75249
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Here, x=1, and for the (Mg sb,Cdsn ) junctions and from Eq. (34), one obtains:

Té.'

£ ={0,0) suggesting a completely transparent condition.

Tez

Jone in 1072 (4/cm®) 2 4706 24558
Jeno in 10728 (4/em®) ™ 2.6007 1.8305
Jou m1072% (4 /em®) s 2 5066 24741

Table 5p: In the HD [(Mg; ¢d)-X(x)-alloy] ER-LDJ[(Sb; Sn)-X(x)-alloy] BR, for physical
conditions given in Eg. (42) and for a given x, our numerical results of n;;, J..;;, Fir» Tirs
and T, are computed, using Equations (46, 45, 47, 48, 49), respectively, noting that both
Nimax. @Nd Ty, marked in bold, slightly decrease with increasing x for given 7,4, being

new results.

VeeV)  ny Jserr(22) Fy(%) i (%)

Here, x=0. For the (Mg~ 5b,Cd” 5n)-junctions, the value of § given in Eq. (46) is 1. 3225.

nTn Mg=SkCd~Sn Mg=SkCd~5n Mg=SkCd™5n Mg~SkCd™5n
0980 5521;5322 24.20; 24.20 61.52; 62.33 14.59;14.78
1.03 56315428 29.84: 30.07 62.18; 62.98 10.11;19.51
143 7.533;7.263 39.01; 30.62 62.00; 63.78 35.14;36.14
144 75027320 38.76; 30.36 62.97: 63.76 35.15; 36.14
Voerr=1.44V  462.6; 469.8Tx(K)
145 76527378 38.50; 30.08 62.05; 63.74 35.14;36.12
2 11.46; 11.05 21.58; 2141 61.15; 61.95 26.40; 26.53

Here, x=0.5. For the (Mg~ 5b,Cd” 5n)-junctions, the value of ff given in Eq. (46) is 1. 0643,

pn Mg~SkCd"5n Mg~SkCd™5n Mg SkCdi“S5n Mg SkCd™Sn
0.080  1227;1.219 24.20;24.20 86.04; 86.11 20.40; 20.42
1.03 1.281;1.272 20.80; 29.84 86.11; 86.18 26.43;26.48
1.24 1.539; 1.520 31.73;31.77 86.13; 86.20 33.88; 33.96
1.25 1.551; 1.541 31.40;31.53 86.13; 86.19 33.90; 33.97
Voer =125V 453.8; 455.3=Tz(K)
1.26 1.564; 1.554 31.23;31.28 86.12; 86.19 33.89; 33.96
2 2.563; 2.546 11.80;11.74 85.79; 85 86 20.25;20.16

Here, x=1_For the (Mg™ 5b,Cd” Sn)junctions, the value of B given in Eq. (46) is 1. 0452

pn Mg=5kCd~5n Mg=5kCd~5n Mg=5kCd~5n Mg=5kCd~5n
0.080  0.749;0.748 24.20;24.20 00.43;: 0043 21.45;21.45
103 0.784;0.783 20.85:20.85 00.46: 0047 27.81;27.81
116  0.882;0881 30.78:30.78 00.47: 0047 3230;32.31
117  0.800;0.889 30.52;30.52 00.47: 9047 32.31;32.32
Voerr =117V 443.2; 443.3=T(K)
1.18  0.808;0.897 30.24:30.24 00.47: 0047 32283228
2 1.566: 1.565 7.116;7.114 00.25: 9025 12.84:12.84
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